Whereas ribosomes efficiently catalyze peptide bond synthesis by most amino acids, the imino acid proline is a poor substrate for protein synthesis. Previous studies have shown that the translation factor eIF5A and its bacterial ortholog EF-P bind in the E site of the ribosome where they contact the peptidyltRNA in the P site and play a critical role in promoting the synthesis of polyproline peptides. Using misacylated Pro-tRNA Phe and Phe-tRNA Pro , we show that the imino acid proline and not tRNA Pro imposes the primary eIF5A requirement for polyproline synthesis. Though most proline analogs require eIF5A for efficient peptide synthesis, azetidine-2-caboxylic acid, a more flexible four-membered ring derivative of proline, shows relaxed eIF5A dependency, indicating that the structural rigidity of proline might contribute to the requirement for eIF5A. Finally, we examine the interplay between eIF5A and polyamines in promoting translation elongation. We show that eIF5A can obviate the polyamine requirement for general translation elongation, and that this activity is independent of the conserved hypusine modification on eIF5A. Thus, we propose that the body of eIF5A functionally substitutes for polyamines to promote general protein synthesis and that the hypusine modification on eIF5A is critically important for poor substrates like proline.
INTRODUCTION
Cellular protein synthesis is catalyzed by the ribosome with the assistance of aminoacyl-tRNAs and translation factors. The ribosome contains three aminoacyl-tRNA binding sites: the acceptor (A), peptidyl (P) and exit (E) sites. The A site binds an aminoacyl-tRNA in a codon-dependent manner. Following peptide bond formation, the A-site tRNA is translocated to the P site with concomitant movement of the now deacylated P-site tRNA to the E site. The binding of aminoacyl-tRNA to the A site is facilitated by the translation elongation factor eEF1A in eukaryotes (EF-Tu in bacteria), and translocation of the tRNAs and mRNA is promoted by the factor eEF2 (EF-G in bacteria) (reviewed in 1,2)). In addition to these two factors, a third universally conserved elongation factor was recently characterized. The factor eIF5A was first described as an initiation factor, promoting synthesis of the first peptide bond following assembly of an 80S ribosome with Met-tRNA i
Met bound in the P site and base-paired with an AUG start codon on the mRNA (3) (4) (5) . Subsequent studies revealed that eIF5A plays a more general role in translation elongation beyond first peptide bond synthesis (6, 7 ,see also 8).
More recently, eIF5A and its bacterial homolog EF-P were shown to be particularly important for translation of polyproline motifs (9) (10) (11) . When yeast cells expressing the temperature-sensitive eIF5A-S149P mutant were grown at a semi-permissive temperature, expression of reporter genes and yeast proteins containing runs of proline residues was impaired. Importantly, mutation of the C-terminal polyproline sequence in the yeast protein Ldb17 was sufficient to restore expression under non-permissive conditions (10) . In an in vitro reconstituted assay system, as few as three consecutive proline residues was sufficient to impose a requirement for eIF5A for peptide synthesis (10) . Consistent with this latter finding, ribosomes translating polyproline sequences in the absence of eIF5A were observed to stall following translation of the first two proline codons (10) . Thus, in the stalled complex the nascent peptide ending with diproline would be attached to the peptidyl-tRNA with a proline codon in the A site, presumably bound to Pro-tRNA Pro . While these studies clearly showed a role for eIF5A in translation of polyproline sequences, it was not clear whether the imino acid proline or the tRNA Pro imposed the requirement for eIF5A.
In addition to its unique property in stimulating polyproline synthesis, eIF5A is of interest because it is the only Nucleic Acids Research, 2017, Vol. 45, No. 14 8393 protein known to contain the amino acid hypusine (reviewed in 8, 12) . The hypusine residue is formed by posttranslational modification of a conserved Lys residue in eIF5A (Lys51 in yeast eIF5A encoded by HYP2). First, the enzyme deoxyhypusine synthase (Dys1 in yeast) transfers an n-butylamine moiety from the polyamine spermidine to the ⑀-amino group of the Lys residue forming deoxyhypusine. Second, the enzyme deoxyhypusine hydroxylase (Lia1 in yeast) hydroxylates the second methylene carbon in the appended chain to form hypusine (N -(4-amino-2-hydroxybutyl)lysine). The hypusine modification is essential in yeast cells (13) (14) (15) (16) as well as for the ability of eIF5A to stimulate polyproline synthesis in vitro (10) . Along with the spermidine requirement for hypusine formation, polyamines play an apparently more direct role in protein synthesis as essential components of both bacterial and eukaryotic cell-free translation systems (17) (18) (19) (20) . Further linking eIF5A and polyamines, the presence of eIF5A lowers the optimum magnesium concentration for protein synthesis in reconstituted assay systems lacking polyamines (4) . Interestingly, mutations in the polyamine synthesis pathway and eIF5A promote tumorigenesis in a mouse lymphoma model, suggesting an important role for eIF5A and its hypusine modification in tumor suppression (21) . However, the connection between eIF5A, polyamines and cancer is complex because, paradoxically, in other studies increased levels of polyamines and eIF5A have been linked to tumorigenesis (reviewed in 22) .
Like eIF5A in eukaryotes, the archaeal aIF5A protein is post-translationally modified to contain deoxyhypusine (reviewed in 8, 23) . Moreover, bacterial EF-P is also post-translationally modified; however, with distinct modifications in different species (reviewed in 23). In ␥ -proteobacteria including Escherichia coli and Salmonella enterica, (R)-␤-lysine is attached to the ⑀-amino group of a conserved Lys residue (corresponding to Lys51 in yeast eIF5A) and a subsequent hydroxylation generates a modification that is similar to hypusine (24) (25) (26) (27) . In other ␤-and ␥ -proteobacteria including Pseudomonas aeruginosa, the corresponding Arg residue in EF-P is glycosylated by the addition of L-rhamnose (28, 29) . Most recently, the corresponding Lys residue in EF-P from the Gram-positive bacterium Bacillus subtilis was found to be modified by the addition of a 5-aminopentanol moiety that closely resembles hypusine (30) . The finding that both EF-P and eIF5A require a posttranslational modification to stimulate polyproline synthesis highlights the unique complexity associated with proline substrates in the ribosomal peptidyl-transferase center (PTC). Recent X-ray crystallography and cryo-EM structures reveal eIF5A binding adjacent to the P-site of the yeast 80S ribosome in a position similar to where EF-P docks on the bacterial ribosome (31) (32) (33) . In the eIF5A-ribosome structures, the body of eIF5A buttresses the P-site tRNA and the hypusine residue projects towards the acceptor stem of the P-site tRNA where it is proposed to reorient the proline substrates to enhance peptide bond formation (32) (33) (34) . It is noteworthy that proline is an imino rather than an amino acid; however, the properties of proline that impose the apparently unique requirement for eIF5A are unknown.
In this paper, we employ in vitro peptide synthesis assays to characterize the role of eIF5A. Our studies using misacylated tRNAs as well as various proline analogs demonstrate that proline rather than tRNA Pro imposes the requirement for eIF5A. Moreover, the eIF5A requirement is linked to the rigidity of proline and not its imino nature. Finally, whereas the hypusine modification is essential for polyproline synthesis, we found that the body of eIF5A functionally substituted for polyamines to stimulate general peptide synthesis. Thus, the amino acid substrates impose the requirement for eIF5A and its hypusine modification in peptide synthesis by the ribosome.
MATERIALS AND METHODS

Substrates
Proline and its analogs, ␣-methyl-L-proline, 3,4-dehydro-DL-proline, cis-4-hydroxy-L-proline and L-azetidine-2-carboxylic acid, as well as spermidine (catalog number S2626), spermine (S4264) and putrescine (P5780), and yeast tRNA Phe were purchased from Sigma. All DNA oligonucleotides were purchased from either Integrated DNA Technologies or Eurofins MWG Operon. The 3 -biotin-labeled RNA oligonucleotide used for affinity purification of yeast tRNA Pro was also purchased from Eurofins MWG Operon; yeast tRNA Lys was obtained from tRNA Probes (College Station, TX, USA).
Preparation of eIF5A
Unmodified forms of His 6 -tagged eIF5A lacking hypusine were purified from Escherichia coli strain BL21(DE3) CodonPlus-RIL (Agilent) transformed with pC4181 (for unmodified eIF5A), pC4357 (for eIF5A K51R) or pC4358 (for eIF5A K51A) using Ni-NTA resin as described previously (10). His 6 -tagged hypusinated eIF5A was purified from BL21(DE3) CodonPlus-RIL transformed with the eIF5A, Dys1 (deoxyhypusine synthase), Lia1 (deoxyhypusine hydroxylase) co-expression plasmid pC4183 as described previously (10) .
Preparation of translation factors and ribosomes
Preparation of translation initiation factors eIF1, eIF1A, eIF2, eIF5 and eIF5B, and translation elongation factor eEF3 was performed using published protocols (10) . Native elongation factor eEF1A was purified from yeast strain YRP840 (35) using a modified version of a previously described protocol (10) . Cells were grown in 4 l yeast extract peptone dextrose (YPD) medium to OD 600 = 1.0, harvested and broken in 50 ml lysis buffer A (60 mM Tris-HCl [pH • C. The unbound fraction containing eEF1A was isolated by pouring the mixture into a column and collecting the eluate, which was then applied to a HiTrap Q column (GE Healthcare). The unbound fraction from HiTrap Q column was applied to a HiTrap CM Sepharose column (GE Healthcare), and eEF1A was eluted with a linear gradient to 300 mM KCl. Fractions containing eEF1A were identified by SDS-PAGE, pooled, dialyzed against Storage Buffer A (20 mM Tris-HCl (pH 7.5), 40 mM KCl, 5 mM MgCl 2 , 10% glycerol, 1 mM DTT) and stored at -80
• C. A poly-histidine tagged version of elongation factor eEF2 was purified from yeast strain TKY675 as described previously (10) with some modifications. Cells were grown in 5 l YPD medium to OD 600 = 2.0, harvested, and then suspended in lysis buffer B (50 mM potassium phosphate [pH 7.6], 300 mM KCl, 1 mM DTT, 10 mM imidazole and 1× Complete protease inhibitor EDTA-free [Roche] ). The cells were broken using a bead beater, and the lysate was cleared of unbroken cells by centrifugation at 27 000 × g for 30 min. The clarified lysate was gently mixed with 1 ml Ni-NTA resin for 1 h at 4
• C. The resin was then sequentially washed with 5 vol of lysis buffer B, 5 vol of lysis buffer B containing 20 mM imidazole, and then the His-tagged proteins were eluted in buffer B containing 500 mM imidazole. The eluted proteins were dialyzed against Storage Buffer B (20 mM Tris-HCl [pH 7.5], 100 mM potassium acetate, 0.1 mM magnesium acetate, 2 mM DTT and 10% glycerol) and then stored at -80
• C. Ribosomal 40S and 60S subunits were purified from Saccharomyces cerevisiae strain YRP840 based on the published protocol (52) with some modifications. Cells were grown in 10 l YPD medium to A 600 = 1.0. Following cell harvest, the cell pellet was resuspended in 50 ml lysis buffer (20 mM HEPES-KOH [pH 7.4], 100 mM KOAc, 2.5 mM MgOAc, 1 mg/ml heparin, 2 mM DTT, 0.4 mM AEBSF). To break the cells a 50% volume of glass beads was added to the cell suspension. The mixture was vigorously agitated on a vortex for 1 min and then incubated on ice for 1 min. This cycle of mixing and cooling was repeated five times. Following removal of the glass beads and unbroken cells by centrifugation at ∼2560 × g, the extract was clarified by centrifugation at ∼27 000 × g and then layered (20 ml per tube) onto 3 ml sucrose cushions (20 mM HEPES-KOH [pH 7.4], 100 mM KOAc, 2.5 mM MgOAc, 0.5 M KCl, 1 M sucrose, 2 mM DTT). Ribosomes were pelleted by centrifugation at 164 000 × g in a Beckman Type70 Ti rotor. The ribosome pellet from each tube was resuspended in 1 ml Subunit Separation Buffer (20 mM HEPES-KOH [pH 7.4], 0.5 M KCl, 2 mM MgCl 2 , 2 mM DTT) and then stirred on ice for 1 h. To release any nascent chains associated with the ribosomes, 10 l of 0.1 M puromycin was added to 1 ml ribosome solution, which was then sequentially incubated on ice for 15 min, at 37
• C for 10 min and then on ice for 10 min. Next, 1 ml of ribosome solution was gently layered on top of 5-20% sucrose gradients, and then subjected to velocity sedimentation by centrifugation at 174 000 × g for 6 h at 4
• C in a Beckman SW32 rotor. Following fractionation of the gradient, the fractions containing the 40S and 60S peaks were separately pooled and then concentrated by centrifugation at 59 000 × g for 24 h. Finally, the ribosomal subunit pellets were dissolved in buffer containing 20 mM HEPES-KOH [pH 7.4], 100 mM KOAc, 2.5 mM MgOAc, 250 mM sucrose and 2 mM DTT. The subunit concentration was calculated by measuring the A 260 and using the conversion 1.0 A 260 unit = 50 pmol of 40S subunits or 31 pmol of 60S subunits.
E. coli MetRS purification and aminoacylation of initiator tRNA Met
For aminoacylation of yeast initiator tRNA i
Met , E. coli MetRS was purified from E. coli strain XL1 Blue (Agilent) transformed with pRA101 (36) 
Preparation of other aminoacyl-tRNAs
The UGG isoacceptor of tRNA Pro was purified from bulk S. cerevisiae tRNA (Roche) using the biotinylated oligo 5 -CCAAAGCGAG AATCATACCA CTAGAC-BioTEG-3 and then treated with CCA adding enzyme as described previously (10) . The tRNA Phe was aminoacylated using a yeast post-ribosomal supernatant (S100, prepared from strain BY4741 as previously described (10)) as the source of phenylalanyl-tRNA synthetase (PheRS). For aminoacylation of tRNA Lys , the yeast lysyl-tRNA synthetase (KRS1) expression plasmid pET3a-KRS1 was introduced into the E. coli strain BL21(DE3) CodonPlus-RIL (Agilent) and KRS1 was expressed and purified as previously described (37) .
Prolyl-tRNA synthetase (ProRS) was purified as described (38) with minor modifications. Transformants of E. coli strain XL1 Blue (Agilent) carrying the ProRS expression vector pQE30-yPRS (obtained from Karin MusierForsyth, Ohio State University) were grown in 500 ml Lysogeny Broth (LB) medium containing 100 g/ml ampicillin at 37
• C to OD 600 = 0.7. Following addition of 0.1 mM IPTG, the culture was incubated at 20
• C for 16 h, and then ProRS was purified as described previously (10) .
For aminoacylation of tRNA, including Pro analogs (except pipecolic acid which was aminoacylated using a flexizyme), we followed our previously published protocol (10) with some modifications. In 100 l reaction volume, 5 M tRNA was mixed with 2 mM ATP, 0.1 mM amino acid and 1 M tRNA synthetase in 1× reaction buffer B (40 mM Tris-HCl [pH 7.6], 10 mM magnesium acetate and 1 mM DTT) and then incubated at 30
• C for 30 min. Following sequential extractions with phenol (pH 4.3) and chloroform, RNA was precipitated by addition of 10 l 3 M sodium acetate (pH 5.3) and 3 vol ethanol. Precipitated RNA was collected by centrifugation at maximum speed in a microfuge at 4
• C. The RNA pellet was resuspended in 20 l RNasefree water, and then split into 5 l aliquots and stored at -80
• C. Charging efficiencies were typically 20-50%.
Preparation of flexizyme and misacylation of tRNA
Synthesis of phenylalanyl-cyanomethyl ester (Phe-CME), prolyl-3,5-dinitrobenzyl ester (Pro-DBE) and pipecolicNucleic Acids Research, 2017, Vol. 45 , No. 14 8395 DBE was carried out as described previously (39) , and the flexizymes dFx and eFx, or derivatives thereof, were prepared by in vitro transcription as described previously (40, 41) . As the 3 -end of yeast tRNA Pro has the atypical sequence -CCCA-3 (with C rather than A immediately preceding the CCA sequence), the 3 end of the flexizyme eFx was mutated from -GGU-3 to -GGG-3 to enable basepairing interactions with 3 end of tRNA Pro . The RNA sequence of the altered eFx is (mutated final G is underlined):
5 -GGAUCGAAAGAUUUCCGCGGCCCCGAAA GGGGAUUAGCGUUAGGG-3 .
Flexizyme catalyzed acylation of tRNA was performed as described previously (40, (42) (43) (44) with minor modifications. Briefly, a mixture of 1 l 1M HEPES-KOH (pH 7.5), 2.5 l 200 M flexizyme, 5 l 100 M tRNA and 3.5 l RNasefree water was incubated at 95
• C for 2 min and then slowly cooled at room temperature for 5 min. Following addition of 4 l 3 M MgCl 2 , the mixture was incubated at room temperature for 5 min followed by incubation on ice for 3 min. To acylate the tRNA, the reaction mixture was supplemented with 4 l 25 mM activated amino acid (dissolved in DMSO) and then incubated on ice for 2 h. Following the acylation reaction, the RNA was precipitated by adding 80 l 0.3 M sodium acetate (pH 5.2) and 200 l ethanol and then collected by centrifugation at 15 000 × g for 15 min at 25
• C. Finally, the RNA pellet was washed in 70% ethanol, and the aminoacyl-tRNAs were resuspended in RNase-free water.
Peptide formation assay
Peptide formation assays were performed using an in vitro reconstituted system as previously described (10) . To examine the polyamine effect on peptide synthesis, translation factors and ribosomes were purified and both initiation and elongation complexes were assembled without spermidine. Initiation complexes were prepared in 1× Recon Buffer A (30 mM HEPES-KOH [pH 7.5], 100 mM potassium acetate, 3 mM magnesium acetate, 2 mM DTT) as described previously (10) . Final concentrations for each component are:
Following assembly of initiation complexes, excess factors were removed by sedimenting the complexes through a 1 M sucrose cushion in 1× Recon Buffer C (30 mM HEPES-KOH [pH 7.5], 100 mM potassium acetate, 1 mM magnesium acetate, 2 mM DTT). Ribosomal complexes were resuspended in 1× Recon Buffer C, and aliquots were stored at -80
• C. Peptide formation assays contained 4 nM initiation complex, 2 M eEF1A, 1 M eEF2, 1 M eEF3, 1 M aminoacyl tRNA, 1 mM GTP-Mg 2+ , 1 mM ATP-Mg 2+ and varying amounts of polyamines in 1× Recon Buffer C. For assays with misacylated tRNAs or proline analogs, the Recon Buffer contained 1 mM spermidine. The elongation assay components were preincubated for 5 min on ice before adding the initiation complex, and then reactions were incubated at 26
• C. Reactions were quenched at different times by mixing with an equivalent vol of 0.2 N KOH, and progress of peptide formation was examined by electrophoretic thin-layer chromatography (TLC) as described previously (10, 45) . The fractional yield of peptide products in each reaction at different times was quantified and fit using Kaleidagraph (Synergy Software) to the firstorder exponential equation A[1 − exp(−kt)]. If the reaction proceeded with sigmoidal kinetics, the data were fit to the simple two-step process equation
where A is the amplitude and k 1 and k 2 are the observed rate constants.
RESULTS
eIF5A requirement for polyproline synthesis is imposed by proline, not by tRNA Pro
Given the position of eIF5A binding on the ribosome with the body of eIF5A contacting the peptidyl-tRNA in the P site and the hypusine residue near the acceptor arm of the tRNA (32, 33) , the ability of eIF5A to promote polyproline synthesis could reflect specific interactions between eIF5A and tRNA Pro . Alternatively, the imino acid proline is known to be a poor substrate for solvent-based and for ribosome-dependent peptide bond formation (46) (47) (48) (49) , and thus may establish the additional requirement for eIF5A. To determine whether proline or tRNA Pro imposes the requirement for eIF5A, we generated misacylated Pro-tRNA Phe and Phe-tRNA Pro and examined the eIF5A dependency for polyproline and polyphenylalanine synthesis using an in vitro reconstituted translation assay system.
As both proline tRNA synthetase (ProRS, 50) and phenylalanine tRNA synthetase (PheRS, 51) possess editing activities to either deacylate misacylated tRNAs or to hydrolyze non-cognate amino acid-adenylate intermediates, the canonical aminoacyl-tRNA synthetases cannot be used to generate the misacylated Pro-tRNA Phe and Phe-tRNA Pro . Accordingly, flexizymes, RNA enzymes selected for the ability to aminoacylate tRNA (40, 43, 44) but which lack editing activity, were used to generate the misacylated tRNAs. Purified tRNA Phe (Sigma) was incubated with the dFx flexizyme and 3,5-dinitrobenzyl ester (DBE)-proline to generate Pro-tRNA Phe , and purified tRNA Pro and cyanomethyl ester (CME)-phenylalanine were incubated with a modified version of the eFx flexizyme designed to base pair with the 5 -CCCA-3 end of the acceptor arm of tRNA Pro to synthesize Phe-tRNA Pro ( Figure 1A ). The misacylated Pro-tRNA Phe and Phe-tRNA Pro as well as the canonical Pro-tRNA Pro and Phe-tRNA Phe , which were synthesized using the conventional synthetases, were then tested as substrates for in vitro peptide synthesis.
As depicted in Figure 1B , translation initiation complexes were assembled by first mixing site base-paired to the AUG start codon. Following purification by sedimentation through a sucrose cushion to remove initiation factors, translation elongation was activated by addition of the appropriate aminoacyl-tRNAs together with the delivery factor eEF1A, the ribosomal translocase eEF2, the fungal specific elongation factor eEF3, ATP and GTP in the absence or presence of saturating levels of eIF5A (5 M). Elongation reactions were quenched by addition of base, and the released peptide products were analyzed by electrophoretic thin-layer chromatography (TLC). To test whether tRNA Pro imposes the requirement for eIF5A, 80S initiation complexes were assembled on mRNAs encoding either MFFF or MPPP and polyphenylalanine peptide synthesis was monitored in reactions containing either canonical Phe-tRNA Phe or misacylated PhetRNA Pro , respectively. As shown in Figure 1C , in the reactions containing Phe-tRNA Phe MFFF was efficiently synthesized in the absence of eIF5A, and addition of hypusinated eIF5A resulted in an ∼1.6-fold increase in the end level of MFFF synthesis (lane 2 versus 1; see also Supplementary Figure S1A and B). Note that unless otherwise stated eIF5A will refer to the hypusinated form of the protein and this modified form of the factor was used for all experiments in Figures 1 and 2 . These results in Figure 1C support our previous in vitro findings that eIF5A modestly stimulates MF, MFF and MFFF peptide synthesis (6, 10) . Because reaction end-points, especially for proline peptide synthesis described below, greatly vary in the presence versus absence of eIF5A, the observed reaction rates are likely impacted by competing reactions including peptidyl-tRNA drop-off from the ribosome. This phenomenon has been previously observed both in yeast (54) and bacterial (9, 55) systems when monitoring the synthesis of short peptides in vitro. Given this apparent complication, analysis of the reactions will focus on end points (end levels) and not observed rates. Nearly identical yields of MFFF synthesis were obtained in the reactions containing misacylated PhetRNA Pro using 80S complexes assembled on the mRNA encoding MPPP. Substantial MFFF peptide synthesis was observed in the absence of eIF5A (end level = 0.23) and addition of eIF5A resulted in an ∼1.7-fold increase (end level = 0.39; Figure 1C , lane 4 versus lane 3; and Supplementary Figure S1A and B) . Importantly, no peptide synthesis was observed in reactions containing Phe-tRNA Pro and eIF5A when the ribosome was programmed with an mRNA encoding MFFF (Supplementary Figure S1A) , demonstrating that no Phe-tRNA Phe contaminated the Phe-tRNA Pro preparation and that peptide synthesis by the misacylated tRNA Pro is dependent on canonical decoding of the mRNA by the tRNA anticodons.
Next, we tested whether the imino acid proline imposes the requirement for eIF5A. 80S initiation complexes were assembled on an mRNA encoding MPPPK and polyproline synthesis was monitored in reactions containing canonical Pro-tRNA Pro . In contrast to the MFF and MFFF peptides, which were well resolved during electrophoretic TLC, MPP and MPPP peptides co-migrated during TLC. Addition of a C-terminal Lys residue on the MPPPK peptide enabled resolution during TLC of the full-length tri-proline peptide from incomplete C-terminally truncated products (Supplementary Figure S1) . As expected, polyproline peptide synthesis showed a strong dependence on eIF5A. In the absence of eIF5A very little MPPPK was synthesized, and addition of eIF5A stimulated polyproline peptide synthesis ∼6.1-fold ( Figure 1C , lane 6 versus lane 5; and Supplementary Figure S1C and D) . Similarly, when misacylated ProtRNA Phe was tested for MPPPK peptide synthesis using 80S initiation complexes assembled on an mRNA encoding MFFFK, polyproline synthesis was stimulated ∼3.7-fold by adding eIF5A (end level = 0.08 in the absence of eIF5A and 0.30 in the presence of eIF5A; Figure 1C , lane 8 versus lane 7, and Supplementary Figure S1C and D) . In control reactions, no peptide formation was detected when misacylated Pro-tRNA Phe was used for elongation of initiation complexes assembled on mRNA encoding MPPPK (Supplementary Figure S1C ), demonstrating that the observed peptide synthesis was not due to contaminating canonical Pro-tRNA Pro . It is interesting to note that the end level of the MPPPK peptide formation using misacylated ProtRNA Phe is lower than that obtained with canonical ProtRNA Pro (0.30 versus 0.49, respectively), suggesting that the body of tRNA Phe is less effective for eIF5A-stimulated polyproline synthesis than is the body of tRNA Pro . Taken together, these data indicate that the imino acid proline and not tRNA Pro imposes the primary eIF5A requirement for polyproline peptide synthesis.
In contrast to most proline analogs, azetidine-2-carboxylic acid bypasses the eIF5A requirement for synthesis of homopolymer peptides
Proline is known to be a poor substrate for both ribosomedependent and solvent-based peptide synthesis (46-49).
To gain insight into the properties of proline that impose the eIF5A requirement for peptide synthesis, the eIF5A dependency for peptide synthesis was assessed using several proline analogs. The analogs were chosen based on availability and on their differences in peptide bond flexibility relative to proline. Native yeast ProRS was used to aminoacylate tRNA Pro with the analogs ␣-methyl-L-proline, 3,4-dehydro-DL-proline, cis-4-hydroxy-Lproline and L-azetidine-2-carboxylic acid (AZC), while the dFx flexizyme system was used to aminoacylate tRNA Pro with the 6-membered ring derivative DBE-L-pipecolic acid. To monitor the eIF5A dependency for incorporation of the proline analogs into peptides, 80S initiation complexes were assembled on an mRNA encoding MPPPK and peptide synthesis was monitored in reactions containing LystRNA Lys and the proline analogs linked to tRNA Pro . The proline analogs exhibited different rates and end levels for peptide synthesis (Figure 2 and Supplementary Figure S2 ). Like native proline, ␣-methyl-L-proline, 3,4-dehydro-DL-proline, cis-4-hydroxy-L-proline and pipecolic acid showed strong dependency on eIF5A for peptide synthesis with the end level for peptide synthesis increasing 2.9-fold (␣-methyl-L-proline) to 7.4-fold (pipecolic acid) ( Figure 2 and Supplementary Figure S2 ). Interestingly, the end level of poly-AZC peptide synthesis was ∼2-3-fold higher than polyproline synthesis in the absence of eIF5A, and addition of eIF5A only stimulated poly-AZC synthesis by ∼1.4-fold (Figure 2 and Supplementary Figure S2 ). This modest stimulation of poly-AZC synthesis by eIF5A is similar to the ∼1.6-fold stimulation of polyPhe synthesis by eIF5A observed in Figure 1C (lanes 1-2) . As the fourmembered ring derivative AZC is more flexible than proline (56) and exhibits a decreased cis to trans isomerization barrier relative to proline (56) (57) (58) , the structural rigidity of proline may contribute to the requirement for eIF5A for efficient peptide synthesis.
Both hypusinated and unhypusinated eIF5A functionally substitute for polyamines to promote in vitro peptide synthesis Addition of polyamines, typically spermidine, spermine or putrescine, is known to enhance the overall yield and to lower the optimum Mg 2+ concentration in both bacterial and eukaryotic cell-free translation systems (17, 18 , see also 19, 20, [59] [60] [61] [62] . To examine the impact of polyamines in our reconstituted in vitro translation assays, all components of the translation assay system including translation factors, aminoacyl-tRNAs and ribosomes were prepared in buffers lacking all polyamines. To monitor general translation elongation activity, reagents prepared in the absence of polyamines were used to first assemble an 80S initiation complex on an mRNA encoding MFFF. The synthesis of the polyphenylalanine (polyPhe) peptide was then monitored in reactions containing the 80S initiation complexes plus Phe-tRNA Phe and the elongation factors eEF1A, eEF2 and eEF3 (but lacking eIF5A). The use of pre-assembled 80S initiation complexes in these assays restricted the analysis to the impact of polyamines on translation elongation and not on the initiation steps of translation. As shown in Figure 3A (and Supplemental Figure  S3A ), no MFFF peptide synthesis was detected in the as- says lacking polyamines. Addition of spermidine, spermine or putrescine provided a dose-dependent restoration of peptide synthesis ( Figure 3A) . The concentration of spermidine required to reach the half-maximal end level of peptide synthesis (K 1/2(endpoint) ) was 0.24 (±0.03) mM. The tetraamine spermine was much more effective in stimulating peptide synthesis with K 1/2(endpoint) = 0.08 (±0.01) mM. Putrescine also promoted MFFF peptide synthesis; however, the end level of peptide synthesis continuously increased without a distinct saturation up to 10 mM putrescine yielding an apparent K 1/2(endpoint) = 17 (±3.3) mM ( Figure 3A) . Interestingly, the effectiveness of the three polyamines to stimulate peptide synthesis correlated with the number of amines in the molecule: the tetraamine spermine was more effective than the triamine spermidine, which in turn was more effective than the diamine putrescine. The limited effectiveness of putrescine to stimulate peptide synthesis raised the possibility that contaminating spermine or spermidine in the putrescine might be responsible for the observed activity. However, no spermine or spermidine was detectable during mass spectrometry analysis of the putrescine (purity >99.99%; data not shown). These results indicate that putrescine, albeit at non-physiologically high levels, can stimulate translation elongation. Despite the ability of polyamines to stimulate MFFF peptide synthesis, saturating concentrations of these polyamines were unable to stimulate polyproline peptide synthesis in reactions lacking eIF5A (data not shown). Moreover, high concentrations (>1 mM) of spermine, (but not of spermidine or putrescine up to maximum concentration tested, 5 and 10 mM, respectively), strongly inhibited the yield of MFFF peptide synthesis (data not shown).
The hypusine modification on eIF5A is derived from spermidine, and we previously showed that addition of hypusinated eIF5A enhances both general (polyPhe) and polyproline peptide synthesis in reactions containing polyamines ( Figure 1C, and (10) ). Next, we asked if hypusinated eIF5A could stimulate translation in assays lacking polyamines. As shown in Figure 3B and Supplementary Figure S3A ,B (No versus WT), wild-type hypusinated eIF5A (5 M) readily stimulated MFFF peptide synthesis in assays lacking added polyamines. Likewise, hypusinated eIF5A (5 M) readily stimulated polyproline peptide synthesis in assays lacking added polyamines ( Figure  3C and Supplementary Figure S3C ,D, No versus WT). As expected, the ability of eIF5A to stimulate polyproline synthesis in assays lacking polyamines was dependent on the hypusine modification. Unmodified eIF5A (K51) as well as the unhypusinated eIF5A-K51A and eIF5A-K51R mutants were unable to rescue polyproline peptide synthesis (Figure 3C and Supplementary Figure S3C) . Interestingly, the unhypusinated forms of eIF5A (K51, K51A and K51R) at the same 5 M concentration substituted for wild-type hypusinated eIF5A to promote MFFF peptide synthesis in reactions lacking polyamines ( Figure 3B and Supplementary Figure S3A and B) . Notably, the concentration of eIF5A (5 M) used in these assays is well below the mM concentrations of polyamines required to stimulate elongation, indicating that the activity of eIF5A in these assays is not due to contaminating polyamines in our eIF5A preparations. Moreover, the level of eIF5A in the assays is physiologically relevant. We estimate the eIF5A concentration in yeast cells at 36-100 M (data not shown), consistent with a previous report that eIF5A is present in excess of ribosomes in yeast cells and is one of the most abundant translation factors (63) . Taken together, our in vitro results indicate that eIF5A might have functions beyond simply delivering hypusine to the ribosome, and that the body of eIF5A (lacking hypusine) can also stimulate protein synthesis.
DISCUSSION
The translation factor eIF5A was originally identified by its ability to stimulate methionyl-puromycin synthesis, a model assay for peptide bond formation (3) (4) (5) . More recently, eIF5A was shown to function like its bacterial ortholog EF-P to promote translation of polyproline motifs (10) . In light of recent structures revealing eIF5A binding to the ribosome, our biochemical data provide new insights into the function of eIF5A and the role of polyamines in protein synthesis. In the crystal structure of eIF5A bound to an 80S ribosome lacking tRNA substrates (32), the eIF5A occupies the same position as in cryo-EM images of eIF5A-80S complexes containing a P-site tRNA (33) . Moreover, the position of eIF5A in these ribosomal complexes overlays with the position of EF-P bound to the bacterial 70S ribosome with Met-tRNA in the P site (31) . In all three of these structures the eIF5A/EF-P is positioned to contact the acceptor stem of the P-site tRNA and to lie ad-jacent to the D stem-loop of the tRNA. Notably, it has been proposed that EF-P makes more intimate (direct) contact with the D stem-loop than does eIF5A (33) . The structural images of eIF5A bound to the 80S ribosome are consistent with directed hydroxyl radical cleavage studies (10) that placed the N-terminal domain and hypusine residue of eIF5A near the acceptor stem and placed the C-terminal domain of eIF5A nearer to the elbow and anticodon stem of the L-shaped P-site tRNA. As described below, we propose that these interactions of eIF5A with the body of the P-site tRNA may underlie the ability of eIF5A to functionally substitute for polyamines in the stimulation of general protein synthesis.
Based on the position of eIF5A binding adjacent to the peptidyl-tRNA in the P site, it was unclear whether the requirement for eIF5A for polyproline synthesis was dictated by the tRNA Pro or by the imino acid proline. Using misacylated tRNAs, we showed that Phe-tRNA Pro , like PhetRNA Phe , was readily utilized in the synthesis of polyphenylalanine peptides in the absence of eIF5A and that addition of eIF5A provided a modest stimulation in peptide yields ( Figure 1C ). These results demonstrate that tRNA Pro does not impose a requirement for eIF5A, and thus suggest that the imino acid proline imposes the eIF5A requirement.
Consistent with the notion that proline imposes the requirement for eIF5A, polyproline peptide synthesis directed by misacylated Pro-tRNA Phe or by canonical Pro-tRNA Pro was low in the absence of eIF5A, and the peptide yield was strongly stimulated by addition of the factor ( Figure 1C ). These data indicate that the imino acid proline imposes the requirement for eIF5A. However, it is noteworthy that even in the presence of eIF5A the end level of polyproline synthesis directed by Pro-tRNA Phe is less than that achieved with Pro-tRNA Pro ( Figure 1C , lane 8 versus 6, and Supplementary Figure S1C ,D). One interpretation of this result is that tRNA Pro possesses features that enable it to interact more productively with eIF5A. Consistent with this hypothesis, studies with EF-P in the bacterial system identified elements in the D-arm and D-loop of tRNA Pro that enabled it to function efficiently with EF-P (55). Specific residues within the 9-nt D-loop closed by two consecutive G:C base pairs in D-stem of tRNA Pro were found to be important for EF-P stimulation of polyproline peptide synthesis, and substitution of these elements into heterologous tRNAs enhanced their function in EF-P stimulated polyproline peptide synthesis (55) . Interestingly, the 9-nt D-loop and adjacent Dstem in yeast tRNA Pro ( Figure 1A ) is dissimilar to bacterial tRNA Pro and shows greater similarity to the D-loop of yeast tRNA Phe ( Figure 1A) . Thus, while our data clearly show that tRNA Pro , when misacylated with Phe, does not impose a requirement for eIF5A, and that the imino acid Pro imposes an eIF5A requirement when linked to either tRNA Pro or tRNA Phe , it is possible that, like EF-P, the eIF5A stimulation of peptide synthesis is dependent on elements in the P-site tRNA. Accordingly, yeast tRNA Phe may fortuitously possess structural features in common with yeast tRNA Pro that enable it to functionally interact with eIF5A to stimulate peptide synthesis; however, these features are likely distinct from those identified in bacterial tRNA
Pro that mediate EF-P-directed peptide synthesis. At odds with this discussion, recent ribosomal profiling and biochemical experiments revealed that eIF5A has a broad role and promotes synthesis of peptides both containing and lacking proline residues (54) . Accordingly, the efficient ability of eIF5A to promote peptide synthesis with both Pro-tRNA Pro and ProtRNA Phe may indicate that, unlike EF-P, eIF5A does not recognize or interact with specific tRNA features.
While proline is known to be a poor substrate for peptide synthesis (46) (47) (48) (49) , the properties of proline that impose the requirement for eIF5A are unclear. To gain insights, we tested a collection of proline analogs to determine their dependency on eIF5A. Interestingly, all of the proline analogs tested except AZC showed the same eIF5A dependency as observed for proline (Figure 2) . The pKa values of both the carboxyl and amino groups of the proline analogs did not correlate with the reactivity of the imino acids in either the presence or absence of eIF5A, indicating that the requirement for eIF5A is not imposed by the electronegativity of proline. This finding is not surprising given that the hypusine side-chain on eIF5A is not positioned to contribute to the chemistry of peptide bond formation and instead is thought to help position the substrates (32) (33) (34) .
As AZC is a four-membered ring analog of proline and thus also an imino acid, the enhanced incorporation of AZC into proteins in the absence of eIF5A demonstrates that the imino nature of proline does not impose the eIF5A requirement. Rather, we suggest that the ring structure of proline may be an important determinant imposing the requirement for eIF5A. AZC peptides are more flexible than proline peptides (64, 65) and the rotational barrier for converting between cis and trans peptide bonds is decreased for AZC versus proline (56, 58) with AZC favoring the cis conformation (57). These differences in the physical properties of AZC versus proline point toward the structural rigidity of proline as contributing to the requirement for eIF5A. Interestingly, Doerfel et al. (66) examined the activity of proline analogs in the bacterial system with EF-P. Using kinetic analyses not yet available for the eukaryotic system, these researchers found that EF-P stimulated translation by decreasing the activation energy for peptidyl transfer primarily through a favorable entropic effect (66) . This entropic role of EF-P, and by extension for eIF5A, is consistent with the structures of eIF5A on the ribosome and the position of hypusine interacting with the acceptor stem of the P-site tRNA on the ribosome (32, 33) . Perhaps the hypusine side chain accelerates peptide bond formation by fixing the position of the acceptor stem of the P-site tRNA for reaction with the A-site substrate. Given this apparent role of eIF5A/EF-P to enhance protein synthesis through a favorable entropy change, it is challenging to understand how the more flexible AZC accelerates the reaction in the absence of eIF5A. Moreover, it is noteworthy that in the bacterial system, synthesis of the simple tripeptides fMetPro-puromycin and fMet-AZC-puromycin was stimulated to similar extents by EF-P (66). However, consistent with our findings, an in vitro toe-printing assay to monitor ribosome stalling during bacterial translation revealed less stalling on a tri-AZC versus a tri-proline sequence (66) . Taken together, our results indicate that the structural rigidity of proline, especially in the context of polyproline sequences, contributes to the requirement for eIF5A, and are consistent with the notion that the hypusine side chain on Figure 4 . Models of polyamine and eIF5A stimulation of general and polyproline peptide synthesis. In the absence of eIF5A polyproline synthesis (left panel) stalls with diproline bound to the P-site tRNA and ProtRNA in the A site of an 80S elongating ribosome. Binding of eIF5A (orange) in the E site positions the hypusine residue (green) so that it can interact with the acceptor stem of the P-site tRNA and facilitate peptide bond formation. General (polyPhe) translation (right panel) requires polyamines such as spermidine; however, both unmodified and hypusinated eIF5A can functionally substitute for polyamines to stimulate general translation. The precise binding sites for spermidine on the ribosome are not known; however, given the overlap between eIF5A and polyamine function in general translation, polyamines are proposed to interact with the P-site tRNA to stabilize its binding to the ribosome and enhance its reactivity in peptide bond formation.
eIF5A promotes translation by properly positioning the Psite substrate for peptide bond formation.
Finally, our studies provided new insights into the role of polyamines in protein synthesis. While polyamines are required for maximal translational activity in vitro, the molecular function of polyamines in protein synthesis has remained unclear. Based on their ability to bind nucleic acids and proteins, and to, in part, functionally overlap with Mg 2+ , polyamines are thought to perform diverse roles in RNA and DNA reactions (see 67, 68) . Interestingly, eIF5A was previously shown to lower the Mg 2+ optimum for in vitro translation assays lacking spermidine (4) , and in this work we show that eIF5A can functionally substitute for polyamines to stimulate synthesis of the generic substrate MFFF ( Figure 3B) . Surprisingly, this ability of eIF5A to replace polyamines was not dependent on the hypusine modification on eIF5A and thus can be attributed to the body of the factor, which is nestled beside the P-site tRNA on the ribosome (Figure 4) . Accordingly, we propose two functions for eIF5A on the ribosome. First, eIF5A serves as a hypusine delivery instrument. Binding of eIF5A to the ribosome places hypusine in a position to properly orient the acceptor stem of the P-site tRNA and resolve possible geometric impediments to peptide bond synthesis incurred when diproline is linked to the P-site tRNA (see 34, and Figure 4) . Second, the body of eIF5A interacts with the P-site tRNA and functionally substitutes for polyamines to stimulate general protein synthesis (Figure 4) .
Given the functional overlap between eIF5A and polyamines, it is tempting to speculate that a critical role of polyamines is to interact with the P-site tRNA and the peptidyl-transferase center (PTC) of the ribosome. Consistent with this notion, the crystal structure of free tRNA Phe revealed two spermine molecules -one bound to the anticodon stem and the other bound closer to the variable loop and elbow of the tRNA (69) . Moreover, the photoreactive polyamine derivative azidobenzamidino (ABA)-spermine was found to crosslink to multiple locations in E. coli ribosomes including to 23S rRNA helices H74 and H93 near the PTC (70) (71) (72) , and in a high-resolution crystal structure of the E. coli ribosome, a spermidine molecule was observed bound to helix H74 (73) . Interestingly, the structural and directed hydroxyl radical probing studies of eIF5A-ribosome complexes placed the hypusine residue in close contact with 25S rRNA helices H74 and H93 in yeast ribosomes (10, 32, 33) . Thus, eIF5A and polyamines interact with the same or overlapping sites on the ribosome. A possible insight into the function of eIF5A (or polyamines) in general translation comes from our kinetic studies of peptide synthesis. As we noted previously (10) , and as also noted for the studies of EF-P stimulated peptide synthesis (55, 66) , addition of the factor corrects an endpoint defect that is thought to be due to peptidyl-tRNA dropoff, an effect that may be more pronounced for the short peptides synthesized in the in vitro reconstituted systems. Accordingly, binding of eIF5A, and by inference polyamines, might stabilize binding of the peptidyl-tRNA enabling higher yields of peptide synthesis.
Tying together the findings from the studies presented here, we propose that eIF5A and polyamines generally support protein synthesis by stabilizing the binding of the P-site tRNA on the ribosome. Moreover, we propose that the hypusine side chain on eIF5A contacts the acceptor arm of the P-site tRNA to help orient the attached nascent peptide for peptide bond formation with the A site residue, a process that is especially needed when structurally rigid polyproline peptides are attached to the P-site tRNA. Goals for future studies include visualizing the interaction of eIF5A, its hypusine modification, and polyamines with polyprolyltRNA in the P site of the ribosome in order to gain further insights into how these molecules stimulate protein synthesis.
